This study investigates the effects of a voltage swing interval on 1,4-dioxane decomposition in aqueous media. The concentration of 1,4-dioxane decreases with the decreasing voltage swing interval, but the change is small. In contrast, the concentration of EGDF increases with the decreasing interval. Its difference is much greater than that of 1,4-dioxane. These results suggest that the diffusion constant of EGDF in a pore structure differs from that of 1,4-dioxane and that the response to the voltage swing interval depends on the chemical species. For effective water purification using this system, proper material design and optimization of operation conditions are necessary.
Introduction
As a solvent for 1,1,1-trichloroethane and as a stabilizer for chlorinated solvents, 1,4-dioxane has been widely used. This chemical, which is known as a by-product of some surfactant production processes, 1) has physical properties resembling those of water (d＝1.03, b.p.＝101°C). For those reasons, 1,4-dioxane is widely believed to migrate swiftly throughout aquifers, and, consequently, widely contaminate drinking water resources.
2), 3) Moreover, this compound apparently resists degradation in conventional industrial biotreatment processes as well as under aerobic and anaerobic conditions in natural environments.
2), 3) Monitoring by the Japanese Ministry of Environment detected 1,4-dioxane at high frequencies in water, especially in groundwater. 4) In addition, the International Agency for Research on Cancer (IARC) has assigned 1,4-dioxane to Group 2B: Possibly carcinogenic to humans. 5) A treatment technology that is currently used for removing 1,4-dioxane from contaminated water streams is distillation. 1) However, because of its high affinity with water, precise condition controls are required; even if attained, the separation efficiency is low. Other treatments such as Fenton's reagent, 6) g-ray irradiation, 7) and sonolysis 8) do not provide sufficiently high efficiency for decomposition, nor do they meet practical requirements for water treatment. Consequently, development of a treatment method with a higher decomposition rate is necessary. Decomposition of 1,4-dioxane should be carried out in aqueous systems because of the difficulty in removing it from water. Advanced oxidation processes (AOPs) such as ozone/ UV treatment and TiO 2 photocatalyst are expected to be effective.
Titanium dioxide is well known as a photocatalyst.
9)
When UV light is illuminated onto TiO 2 , electron and hole pairs are generated in it, which respectively reduce and oxidize adsorbates on the surface. Consequently, radical species such as hydroxyl radical (OH -) and oxygen radical (O -2 ) are generated. They decompose organic compounds through their strong oxidation power. From the perspective of environmental purification, various studies have been carried out using TiO 2 .
10)-12)
Several researchers have examined photocatalytic decomposition of 1,4-dioxane in water and have found a reaction pathway (Fig. 1). 12),13) Ethylene glycol diformate (EGDF) is formed initially; it is a main intermediate with a low decomposition rate during photocatalysis. Once EGDF is destructed, no intermediate with a slow decomposition rate exists in the subsequent oxidation reaction by photocatalyst. Therefore, promotion of EGDF decomposition is an important requirement for complete mineralization of 1,4-dioxane by photocatalysts in aqueous systems.
Very recently, we prepared a TiO 2 coating on stainless mesh using electrophoretic deposition (EPD). 14) We applied voltage to a stainless mesh to examine the synergy effect on photocatalysis for both 1,4-dioxane and EGDF. 15) Results revealed that negative voltage is advantageous for 1,4-dioxane attraction to TiO 2 surface, and vice versa for EGDF. Similar voltage-induced transport of 1,4-dioxane is reported also using electroosmosis. 16 ), 17) The Schottky barrier exists between the stainless mesh and TiO 2 particles. Therefore, this voltage dependence was attributable to interaction between organic substances and stainless mesh. Moreover, the voltage swing (±0.4 V, 300 s interval, C 0 (1,4-dioxane) ＝10 ppm, TiO 2 coating thickness＝24 mm) provided highefficiency photocatalysis of 1,4-dioxane while suppressing EGDF formation. A plausible mechanism for this result is shown in Fig. 2 . Under negative voltage, the TiO 2 -coating pore channel was filled with 1,4-dioxane-rich water. Because UV illumination was carried out from the outside, a photocatalytic reaction occurs at the surface of the TiO 2 coating, and 1,4-dioxane from bulk solution is decomposed to EGDF at the coating surface. Because of poor affinity with negative voltage, EGDF moves toward the bulk solution. Once the voltage is changed to positive, 1,4-dioxane in the pore channel of the TiO 2 coating moves to the bulk solution. At the TiO 2 coating surface, 1,4-dioxane is decomposed to EGDF. The EGDF molecule moves into the pore channel and increases its concentration. Consequently, the voltage swing circulates water in the pore channel in the coating and increases the rate of photocatalysis of 1,4-dioxane in water. This method will be effective for a photocatalytic system containing several chemicals, each with different voltage dependence.
An important requirement for the voltage swing effectiveness is a diffusion-limited reaction. Moreover, the coating structure such as the pore size, porosity, length, and tortuosity of the pore channel, and process conditions such as the voltage swing interval and initial concentration of solution will affect the overall decomposition performance. However, the precise effects of these factors have not been investigated. For this study, we evaluated the photocatalytic decomposition of 1,4-dioxane and EGDF in aqueous media by changing the voltage swing interval.
Experimental 2.1 Preparation of TiO 2 coated stainless mesh
The preparation method of TiO 2 coated stainless mesh by EPD process is identical to that used in a previous study.
14),15) A stable suspension was prepared from reagent grade 2-propanol and TiO 2 (anatase) powder (ST-41, d＝ 200 nm; Ishihara Sangyo Kaisha Ltd., Osaka). Then, 2 g of TiO 2 powder was dispersed in 100 ml of 2-propanol. After stirring for 60 min, the suspension was ultrasonicated for 10 min. Stainless mesh (SUS 316, wire diameter-0.375 mm, opening area-0.64×1.04 mm, P-type; Nippon Filcon Co. Ltd., Tokyo) was used as the substrate for deposition. Before EPD processing, it was soaked into 1 M NaOH aq and subsequently washed with distilled water and acetone. This mesh was used as a cathode because TiO 2 particles were positively charged in 2-propanol. The aluminum plate was used as an anode. These electrodes' sizes were 70×35 mm; the distance between electrodes was 1.0 cm. Constant voltage (195 V) was applied between these electrodes using a DC power supply (GP0520-1; Takasago, Ltd., Tokyo). In the present study, we prepared a thinner coating layer than that used in a previous study 15) to obtain the effect of voltage swing interval accurately. Therefore, we set the deposition time to 15 s. After deposition, the TiO 2 coated mesh was dried at room temperature for 1 d.
1,4-dioxane decomposition
Reagent grade 1,4-dioxane (Wako Pure Chemical Industries Ltd.) and EGDF (Frinton Laboratories, Inc., Vineland, NJ, USA) were used for this study. The initial concentration of 1,4-dioxane stock solution was 10 ppm. Before decomposition experiments, TiO 2 -coated stainless mesh was soaked into ion-changed water and degassed in a glass chamber with an aspirator for 2 h to remove air in the porous TiO 2 coating. A platinum plate (35×70 mm) was used as a counter electrode. It was cleaned using ultrasonication in acetone and water. The distance separating the electrodes was 1.0 cm. Before UV illumination, electrodes were soaked in 10 ppm stock solution (150 ml), then kept in the dark for 2 h to attain adsorption saturation of 1,4-dioxane on the electrodes. A schematic showing settings for the decomposition experiment is shown in Fig. 3 . A magnetic relay was connected to electrodes to change the direction of applied voltage very rapidly. A PIC sequencer (TriState, Hokkaido) was used as a signal generator. The applied voltage was 0.4 V; the voltage direction was changed at regular time intervals (5 s, 30 s, and 300 s). Decomposition experiments without voltage swings were also carried out as controls. The intensity of UV illumination on the TiO 2 coated electrode was 38 mW/cm 2 . During this experiment, stock solution temperatures were within 20±2°C.
The 1,4-dioxane and EGDF concentrations were evaluated using gas chromatography (GC-14A; Shimadzu Corp., Tokyo). That device was equipped with a flame ionization detector and a Sunpak-A column (Shinwa Chemical Industries Ltd., Kyoto). Nitrogen was used as the carrier gas; the respective temperatures for the detector, injection port, and column were 200, 180, and 180°C. Figure 4 presents SEM micrographs of the TiO 2 coated stainless mesh. Uniform coating was achieved using EPD processing. The TiO 2 particles covered the stainless mesh surface completely; the pore structure was observed in the coating surface. The deposition weight was 2.69 mg/cm 2 (entire mesh area including holes); the layer thickness by direct observation through SEM was 6.5 mm after drying. The relative density of the coating was calculated as ca. 52, which is almost equal to that for a powder compacted by uniaxial pressing. The average pore size was calculated as 150 nm if we assume that perpendicular cylindrical pores form a hexagonal structure and that the distance between pores is 200 nm (particle diameter) in a 2D plane surface on the coating. 18) Assuming a typical tortuosity factor of four for a pressed powder compact, 19) the average pore size was calculated as 75 nm. These values seem to be almost of the same order, as shown Fig. 4 .
Results and discussion
The changes in 1,4-dioxane and EGDF concentration during UV illumination under applied voltage are shown in Fig. 5 . The C 0 means the concentration of 1,4-dioxane after dark storage. The concentration of EGDF is expressed as a ratio against the initial 1,4-dioxane concentration C 0 . Negative voltage promotes decreasing 1,4-dioxane concentration and vice versa for EGDF when the voltage is constant (not swing). As described in a previous study, 15) this voltage dependence is attributable to the interaction between organic molecules and the stainless mesh surface. The effectiveness of positive voltage for attraction of EGDF to the TiO 2 coated electrode is attributable to the high p-electron density in its C＝O bonding. Although the reason for 1,4-dioxane preferable attraction to the electrode with negative voltage remains unclear, one explanation is that transient OH groups form in 1,4-dioxane molecules. The concentration of 1,4-dioxane decreased and that of EGDF increased with the decreasing voltage swing interval. This concentration order is reasonable because EGDF is formed by photocatalysis of 1,4-dioxane, as presented in Fig. 1 . However, the interval changed the EGDF concentration to a greater degree than 1,4-dioxane. In the case of 1,4-dioxane, the highest decreasing rate was attained under constant voltage (-0.4 V). The voltage swing decreased the rate, although its degree is small. On the other hand, EGDF concentrations attained at 5 s and 30 s intervals are higher than those attained under the constant voltage (-0.4 V). We have repeated these experiments several times and confirmed the repeatability of these trends.
Applying negative voltage induces a flux of 1,4-dioxane to the TiO 2 coated mesh. In the flux, some 1,4-dioxane molecules are decomposed to EGDF on the TiO 2 surface. However, some 1,4-dioxane molecules will be transported into the pore structure of the TiO 2 coating and condensed on the surface of the stainless mesh. Once voltage is switched to positive from this state, a reverse flux of 1,4-dioxane is generated. Then, 1,4-dioxane in the pore channel of the TiO 2 coating is transported to the TiO 2 coating surface and decomposed into EGDF. The concentration change of 1,4-dioxane under voltage swing suggests that the concentration of 1,4-dioxane in the reverse flux through the TiO 2 coating surface is less than that of bulk solution. Plausible explanations on the gradual increase of the concentration of 1,4-dioxane with increasing voltage swing interval are: 1) increasing concentration of 1,4-dioxane in the reverse flux because of the increased condensation of 1,4-dioxane in the pore channel of the TiO 2 coating by the increasing swing interval; and 2) decreasing flux of 1,4-dioxane to TiO 2 surface from bulk solution under negative voltage because of the large opposite flux of EGDF from pore channel, which is highly condensed by increasing swing interval.
The respective molecule lengths of 1,4-dioxane and EGDF are calculable using chemical software (Chem 3D Ultra 9.0; Cambridge Software) as 0.48 nm and 0.55 nm. However, the value of EGDF reflects hydrogen bonding in the molecule. Because water is a good solvent for EGDF, its structure will be stretched and be thereby elongated in water. Moreover, an EGDF molecule possesses two C＝O bonds with high p-electron density. Therefore, it becomes a Lewis base 22) and attracts a certain number of water molecules by virtue of its dipole moment. However, a 1,4-dioxane molecule does not possess such bonds in its structure, and the origin of its voltage dependence might be transient OH group formation. Therefore, it is expected that EGDF forms a larger hydrated molecule than 1,4-dioxane in water; and that EGDF exhibits a smaller diffusion constant in water than 1,4-dioxane. High EGDF concentrations under a small voltage swing interval are probably attributable to the difference of the diffusion constant. Under constant negative voltage, EGDF is generated by the flux of 1,4-dioxane from bulk solution to the TiO 2 coating surface. A certain amount of 1,4-dioxane molecules will also intrude into the TiO 2 coating layer and condense during this period. For short intervals such as 5 s or 30 s, during the period of positive voltage, condensed 1,4-dioxane molecules in the pore structure is supplied to the TiO 2 surface and decomposed into EGDF. When the diffusion constant of EGDF is small, EGDF molecules generated on the coating surface cannot intrude to the pore structure of the TiO 2 coating layer under a short voltage swing interval. Therefore, the concentration of EGDF in the bulk solution becomes higher than the constant negative voltage. Once the interval is increased to 300 s, EGDF transport (intrusion) into the pore structure will be attained. The reaction place and attraction site will be located ideally in different sites in this system when the swing interval is 300 s. Efficient photocatalysis of 1,4-dioxane was attained with suppression of EGDF formation. Model details are presented in Figs. 6 and 7. Under constant voltage, concentration changes of 1,4-dioxane and EGDF in bulk solution includes the net decomposition amount at the TiO 2 coating surface and the condensation amount in the pore channel of the coating. Therefore, the apparent material balance between the decrease of 1,4-diocxane and increase of EGDF are expected to differ from the case of voltage swing.
Assuming the tortuosity factor of 4 19) and a diffusion distance of EGDF of around 26 mm (4×6.5 mm (coating thickness) at 300 s, the apparent order of the diffusion constant is calculable as 10 -12 m 2 /s (assuming that the diffusion distance＝(DT) 1/2 ). This value is much smaller than the normal order (10 -9 m 2 /s) of the diffusion constant for chemical species in liquid. Although both the actual degree of electric field on EGDF in the pore channel and the interaction between EGDF and TiO 2 pore channels surface remain unclear, a plausible explanation of this discrepancy is the existence of opposite flow by 1,4-dioxane.
Results of this study demonstrate that the swing interval is also an important process parameter for acceleration of photocatalysis using the voltage swing method. A long interval was effective for EGDF decomposition, probably because of the small diffusion constant of EGDF molecules in water. Quantitative investigation of the relationship between diffusion coefficients of 1,4-dioxane or EGDF in water and pore structure such as pore size and its length will be addressed in future studies. The diffusion distance depends not only on practical operation conditions such as the voltage swing interval, but also on the material structure: the coating thickness, pore size, pore amount, and tortuosity factor. For effective EGDF decomposition, proper material design and optimization of operation conditions are required.
Conclusion
In the current work, the effect of the interval of voltage swing on 1,4-dioxane decomposition in water was investigated. The concentration of 1,4-dioxane decreased with de- creasing voltage swing interval, but the change was small. In contrast, the EGDF concentration was changed remarkably by changing the interval. Moreover, the concentration of EGDF increased with the decreasing interval. These results suggest that the diffusion constant of EGDF molecules in the pore structure differs from that of 1,4-dioxane, and that the response to the voltage swing interval depends on the chemical species. For effective water purification using this system, proper material design and optimization of operation conditions are necessary. 
